We introduce the concept of a resonant tunneling photonic nanotriode that makes possible the mutual control of cross-cut light flows. The idea of this concept is based on the strong resonant interaction between the nearly phase-matched quasi-localized eigenmode of nonlinear planar dielectric waveguides and incident beams. We demonstrate that by means of variation of input guided wave intensities even small nonlinear phase mismatches may switch the bistable system from one equilibrium state to another and back, resulting in deep modulation of beam reflection and transmission coefficients due to the exchange between trapped and free photons. The suggested nanosize device can also serve as light amplifier, light modulator, controlled coupler, light flows divider, etc.
INTRODUCTION
The development of linear and nonlinear optical devices to provide light localization and light control at nanometer scales is highly important for prospective applications in integrated optical circuits [1, 2] . The tight confinement of electromagnetic energy can find use in medicine [3] , biology and chemistry [4] , nanolasing [5] , and other areas. One of the main challenges for further applications is achieving all-optical control of photonic flows at the scales that could be comparable with modern electronic semiconductor devices that potentially made possible a transition from electronic or optoelectronic systems to all-optical designs, boding, in particular, a significant enhancement of processing speed. The idea of constraining photons to work in a similar manner as electrons is not new and has been discussed during at least a couple of the last decades [6] , but at the same time it still remains very attractive at the moment (see, for example, [7, 8] ). To date, the possibilities of photon nanoscale confinement and operations with photonic flows are primarily associated with surface plasmons [9] [10] [11] [12] that are localized in the vicinity of metal/ dielectric interfaces electromagnetic eigenmodes. However, despite significant localization of a surface plasmon field that may achieve in metal/dielectric/metal slot waveguides (see [13] , and references therein) values of about 20-30 nanometers in near infrared and visible domains, surface plasmons suffer rather strong Drude losses in metal, restricting their propagation distances within several micrometers, which apparently is insufficient for a number of nanophotonic applications without using some special techniques such as, for example, gain [14] and nanofocusing in linear [15] and nonlinear [16] tapered plasmonic waveguides. The alternative scheme of photonic confinement can be based on the thin planar dielectric waveguide not having any critical thickness for the fundamental TE mode. Indeed, in comparison with metal/ dielectric plasmonic slot waveguides, dielectric waveguides can reveal a quite comparable light localization scale yet possess essentially greater propagation distances that undoubtedly make such dielectric waveguides also deserving of attention for nanophotonic applications.
Starting from the viewpoint that dielectric systems can turn out to rival plasmonic ones, in this paper we suggest a concept of a resonant tunneling photonic transistor that allows an effective nonlinear mutual control of cross-cut light flows that eventually may serve as light amplifier, light modulator, controlled coupler, light flow divider, etc. In contrast to existing designs (see, for example, [6, 17, 18] and the references therein), our suggestion exploits the possibility of a strong resonant interaction of a fundamental quasi-localized eigenmode of a thin nonlinear planar dielectric nanowaveguide coupled through the potential barrier with a coherent phase-matched incident beam (and also pulse or packet). The radiative (or leaking) TE eigenmode in a thin nonlinear planar waveguide, with a high enough radiation quality factor that is still much smaller than the quality factor caused by Joule losses in dielectric, can be excited by an input guided wave from an external source (hereinafter called input control wave), as well as by an incident nearly phase-matched light beam from another source (see considered structure and wave geometry in Fig. 1 ). Bearing in mind the resonant character of interaction between the control guided wave and the incident beam, even a pretty small nonlinear phase mismatch inevitably leads to the bistability of the system, which can take place in definite regions of moderate intensities for both incident beam and input control wave, in turn resulting in a strong change of the transmitted beam and output guided mode powers. Thus, such a system accomplishes nonlinear resonant manipulations by photonic flows due to exchanges between trapped and free photons that, in a certain sense, resemble the operations with electron flows in vacuum triodee.
STATEMENT OF THE PROBLEM. EQUATION FOR THE NONLINEAR GUIDED MODE ENVELOPE
In order to illustrate and support our preliminary, speculative conclusions, we consider the simple quasi-planar dielectric structure shown in Fig. 1 . We start from a scalar wave equation for the sole electric component of TE-polarized electromagnetic field E Ey 0 , H H x x 0 H z z 0 , where x 0 , y 0 , z 0 are the unit vectors (corresponding Cartesian coordinate system is shown in Fig. 1 )
k 0 ω∕c is the wavenumber of free space, ω is the circular frequency, and c is the speed of light. The nonlinear leaking guided mode exists when ϵ p;w > ϵ s , which limits the value of the mode wavenumber h by the following inequality (E is supposed to be described by ∼ exp−ihx factor):
When the thickness of the tunnel barrier is large enough, i.e., 
where
One can see that the sum E 1 E 2 E just gives an exact solution of initial Eq. (1). Homogeneous Eqs. (3) (F 1;2 0) yield the solution for perfectly localized waveguide eigenmode (E 0 1 ) with its dispersion equation
(written for the case of thin waveguide k w a ≡ k 2 0 ϵ w − h 2 q a ≪ 1 when the electric field inside nonlinear dielectric is almost homogeneous), and also describe the total internal reflection of an incident wave beam (E 0 2 ) from the interface z −a − d:
where k x is the x-component of the incident wave wavenumber, and κ 
Radiated by guided wave field at jzj > d given by expressions (7b) due to the boundary conditions at jzj d excites the evanescent fields (7b) penetrating into waveguide region jzj < a, which leads, in turn, to the waveguide mode self-action via radiation and eventually results in the forthcoming of the radiation losses coefficient in the obtaining dynamical equation. At the same time, penetrating into waveguide evanescent tale of incident field (6b) contributes to the excitation of the guided mode itself and appears in the final equation as a term that plays the role of pump or external source.
The right-hand parts of Eq. (3) are exponentially small, which enables one to consider them as perturbations and then to develop a perturbation theory. Following the standard approach [20] , to obtain dynamic equation for the guided wave envelope along with the corrections to the reflected and transmitted fields one should assume that the frequency and spatial spectra of this wave are slightly broadened, so that
where ω 0 and h 0 are the solution of the dispersion equation (5). Then we use the substitution
and rewrite the expression for the structure of guided mode as
where Gt; x is the slowly varying amplitude (envelope) of guided wave and δE 1 t; x; z is the small correction to its transverse structure. The desired equation for Gt; x can be obtained from Eq. (3a) by means of representing the full operator acting to E 1 in the form of power series expansions in Δω and Δh in the neighborhood of the dispersion curve and subsequent substitution into the left-hand part of the Eq. (3a), which eventually gives us the equation for δE 1 , which, in turn, can be linearized by virtue of its small relative magnitude. Then, according to the Fredholm theorem of alternative [21] , the solution for the correction δE 1 is nondiverging when the eigenmodes of homogeneous equation for δE 1 are orthogonal to the perturbation that yields the required equation for Gt; x. As a result, we come to the equation for the envelope of waveguide mode Gt; x
The amplitude of electric field into waveguide is normalized in such a way that jGj 2 is the total energy flow in the guided mode;
(everywhere below the Joule losses in dielectrics are supposed to be negligibly small in comparison with radiation losses of waveguide mode γ ≪ γ r and will not be taken into account); V g is the group velocity; and α k 3 0 a 2 n 2 ∕ jϵ s j p , n 2 is the susceptibility of nonlinear dielectric of the core layer with permittivity ϵ w n 2 jGj 2 . One can easily make sure that the energy conservation law
is carried out. Hereinafter, we assume that the interaction region is bounded, in the general case, by the interval x ∈ −L∕2; L∕2, where the length L of interaction region can be less than, comparable to, and greater than the transverse beam width that may be associated with the collimation of a two-dimensional beam by slits of different size.
MUTUAL CONTROL OF CROSS-CUT LIGHT FLOWS
First of all, we consider the linear (α 0) stationary (∂ t 0) case at Nt; x N 0 const and Gt; x −L∕2 0. The last assumption Gt; x −L∕2 0 in no way restricts the generality of the problem due to the superposition principle in the linear case. The corresponding solution can be written as follows
The dependencies of reflection R W R ∕jN 0 j 2 L, transmission T W T ∕jN 0 j 2 L, and light flow dividing D jGx L∕2j 2 ∕jN 0 j 2 L coefficients on the length of interaction region L are shown in Fig. 2(a), (b), (c) . The dependencies of Rδ and Tδ in the limit case L → ∞, which corresponds to the incidence of the plane wave onto considered layered structure (D 0), are shown in Fig. 3 . One can see that the value δ 0 answers the regime of total transmission of the light and the magnitude of γ r affects only the angle width of transmission line as long as the Joule losses in dielectric are negligibly small. Thus, one can see that already in the linear case (α 0) the transparency of considered layered structure may be quite effectively tuned by means of variations of the phase mismatch parameter δ determined by the angle of incidence.
In the nonlinear case (α ≠ 0) phase mismatch becomes dependent on the light intensity into the waveguide due to field self-action leading to the change of the waveguide dispersion properties. The resonant curves Rδ; jN 0 j 2 , Tδ; jN 0 j 2 for the plane incident wave exhibit typical resonant bistable behavior shown in Fig. 4(a) , (b) taking place at jN 0 j 2 > jN 0C j 2 with the bistability threshold jN 0C j 2 8γ 2 r ∕3 3 p α. The presence of bistability demonstrates the ability to significantly switch the transmission and reflection energy flows by means of quite small change of incident one or linear phase mismatch δ, which is determined as mentioned above by the angle of incidence. On the other hand, phase mismatch can be changed in another way by injecting the photons of guided mode into interaction region at x −L∕2 because of dielectric nonlinearity of the waveguide. Bearing in mind the finite length of interaction region L (it is quite obvious that there is no sense to take into account the waveguide injection at infinite length L → ∞), we must keep all derivatives in Eq. (11) or only spatial one in the stationary state. Indeed, in the vicinity of bistability threshold small variations of input control wave power can result in strong variations of reflected and transmitted power. The curves of stationary dependencies of full reflected and transmitted powers on I in jGx −L∕2j 2 are shown in Fig. 5(a) at fixed intensity of incident beam jN 0 j 2 > jN 0C j 2 . In this case the bistability is turned into spatially distributed and, thus, at the proper choice of linear phase mismatch the corresponding curves contain the abrupt parts connecting quasi-steady states of bistable system. The field structures at two regimes of different nonlinear transparencies are shown in Figs. 6(a), (b) . If the operating (or bias) point falls into abrupt part, even small deflection of injection power from this point may cause strong enough modulation of reflected and transmitted light power. We introduce the static amplification coefficients as the first derivative of transmitted and reflected power flows over the input control wave power
where I 0 in is the bias intensity of the guided mode. In Fig. 5 (b) the dependencies of jK R;T j on the bias intensity I 0 in is plotted at a fixed linear phase mismatch δ for the case corresponding to Fig. 5(a) . One can see that static amplification coefficient may achieve the large values up to 100 in rather narrow domains of biases I 0 in at definite choice of δ that causes an anticipation of rather large amplification coefficients in the dynamical process. Let input control wave intensity be modulated with frequency Ω
In this case we should obtain a spatio-temporal solution of Eq. (11) on the interval −L∕2; L∕2. It is quite evident that inertial response of the system is determined by dimensionless parameter ζ ΩL∕V g and inertialess modulation of reflection and transmitted photonic flows can be expected when ζ ≪ 1 unless the characteristic time of nonlinearity response is not greater than τ L∕V g . According to the dispersion Eq. (5) the time τ is approximately equal to 85 fs for ϵ w ≈ 6 (As 2 Se 3 glass),
75 × 10 10 cm∕s, and characteristic nonlinear energy flow value I NL γ r ∕α ≈ 3.64 × 10 6 W∕cm. That is significantly less than the characteristic time of nonlinearity response of nonlinear dielectric (As 2 Se3 glass), which is T NL ≈ 2-5 ps [22] Note that at present there are materials (in particular, those based on titanium oxide and containing golden nanoclusters) with T NL ≲ 100 fs [23] . To take into account such an inertia of nonlinearity we somewhat modify the initial Eq. (11), involving in the framework of simplified model form the inertial response of dielectric nonlinearity
where δ NL is the time-dependent nonlinear phase mismatch. One can see that in the stationary case, the set of Eqs. (20) is exactly reduced to the Eq. (11) . For input signals of form (19) , Fig. 7 shows frequency dependencies of the amplification coefficientK
where ΔW T is the power oscillation amplitude in the transmitted beam, which is calculated within the framework of Eqs. (20) . It is seen from these equations that the frequency band of amplification reduces sharply when the parameter q T NL γ r V g increases. Nevertheless, quite significant amplification coefficients may be observed up to the modulation frequencies of approximately 10 terahertz that is actually unreachable for modern semiconductor electronic devices at the moment.
Finally, we should note that management of the incident wavebeam may take place by using an incoherent control wave. In this case Eq. (20b) for nonlinear phase mismatch has to contain in the right-hand part an additional term caused by the incoherent injected component of the waveguide intensity. Then, if the intensity of the incident beam is much smaller than the intensity of the injected control wave, the nonlinear phase mismatch parameter δ NL becomes explicitly dependent on the time in accordance with the time dependence of the controlling wave.
CONCLUSIONS
In conclusion, the suggested optical nanodevice can provide a mutual control of cross-cut photonic flows due to nearly phase-matched resonant interaction of the bulk incident beam with leaking guided mode of the planar nonlinear dielectric structure. The considered structure resembles electrovacuum triodes and semiconductor transistors as far as their functional properties are concerned. In particular, in such a structure the weak modulations of a signal intensity propagating in a planar dielectric nanowaveguide can be significantly amplified so that it displays in the modulations of reflected and transmitted beams crossing the waveguide. 
